We propose a supersymmetrisation of the cosmological constant in ordinary N = 1 supergravity that breaks supersymmetry spontaneously by a constant Fayet-Iliopoulos (FI) term associated to a U (1) symmetry. This term is a variation of a new gauge invariant FI term proposed recently, which is invariant under Kähler transformations and can be written even for a gauged R-symmetry on top of the standard FI contribution. The two terms are the same in the absence of matter but differ in its presence. The proposed term is reduced to a constant FI-term up to fermion interactions that disappear in the unitary gauge in the absence of any F-term supersymmetry breaking. The constant FI term leads to a positive cosmological constant, uplifting the vacuum energy from the usual anti-de Sitter supergravity to any higher value.
Introduction
It is well known that the cosmological constant Λ in supergravity is highly constrained. For given gravitino mass term m 3/2 , there is a lowest value of Λ = −3m 2 3/2 corresponding to the anti de Sitter (AdS) supergravity, describing a massless spin-3/2 spinor in AdS [1] . It is obtained in the absence of matter fields by a constant superpotential. Uplifting this value breaks supersymmetry and can be done in principle dynamically by minimising a scalar potential. Supersymmetry breaking then occurs by a vacuum expectation value (VEV) of an F-auxiliary component of a chiral superfield containing the goldstino.
In the absence of matter, one could still break supersymmetry by a VEV of a Dauxiliary component of a vector superfield which requires to adding a constant FayetIliopoulos (FI) contribution [2] . This can be done only when the vector superfield gauges the R-symmetry, under which the chiral compensator of N = 1 supergravity becomes charged [3, 4] . A constant superpotential is however forbidden in that case, since it must be charged under R-symmetry, and there is no explicit gravitino mass term, although supersymmetry is broken in de Sitter (dS) space. In the presence of matter, a charged superpotenial can be written but then supesymmetry is also broken by the VEV of a chiral multiplet upon minimisation of the corresponding scalar potential. Thus, the cosmological constant cannot be added as an independent parameter in supergravity for arbitrary breaking scale (gravitino mass).
An exception to the above situation is when supersymmetry is non-linearly realized by introducing a constrained goldstino superfield X satisfying the nilpotent condition X 2 = 0 [5, 6, 7] . This eliminates the scalar component (sgoldstino) in terms of the goldstino bilinear and the scalar potential (in the absence of matter) becomes an arbitrary constant uplifting the minimal value Λ = −3m 2 3/2 [7] . However in this case supersymmetry is not spontaneously broken in a linear way and the number of bosonic and fermionic degrees of freedom are not equal, invalidating in particular the usual ultraviolet properties of N = 1 supergravity and of its low energy softly broken supersymmetric theory.
Recently, a new FI term was proposed that allows an arbitrary uplifting of the vacuum energy in the absence of matter fields [8, 9] . 5 It does not require gauging the R-symmetry and in the unitary (super)gauge of massive gravitino, it is reduced to just an additive positive constant to Λ. In the presence of matter, however, it leads to an additional fielddependent contribution to the scalar potential. Moreover, it breaks the invariance of the standard two-derivative supergravity action under Kähler transformations.
In this work, we propose a modification/generalisation of this FI term that has the following properties: (1) it can be written independently whether the corresponding U (1) gauges or not the R-symmetry; (2) in the absence of matter fields and in the case of an ordinary (non-R) U (1), it coincides with the one proposed in [8] ; (3) in the case of a U (1) R , it can be written on top of the standard constant FI term; (4) in the presence of matter fields the action is invariant under Kähler transformations and its bosonic contribution is always a constant FI term that uplifts in particular the vacuum energy by an arbitrary positive constant.
The outline of the paper is the following. In Section 2, we review the new FI term and its properties. In Section 3, we present a modification/generalisation that is invariant under Kähler transformations. In Section 4, we compute its bosonic contribution to the standard supergravity action. Section 5 contains some concluding remarks. Finally, we have two appendices; Appendix A contains useful formulae used in the text, while in Appendix B we compute the fermionic part of the supergravity action.
Review and definitions
In [8] a new FI term has been proposed of the form
where we put the Planck mass to 1, and ξ is a constant parameter. We use the conventions of [1, 11] . 
The chiral (and anti-chiral) multiplets w 2 (andw 2 ) are given by
where the components ofλP L λ are 6
where the self-dual and anti-self-dual tensors are defined bŷ
and the definitions of the covariant field strengthF and the covariant derivative / Dλ can be found in Appendix A. The conformal d'Alembertian is given by C = η ab D a D b . Note that w 2 has weights (1, 1),w 2 has weights (1, −1), andλP L λ has weights (3, 3) .
The chiral (and anti-chiral) projection operators T (andT ) are defined in [12, 11] . In particular if C is a general (unconstrained) multiplet of weights (ω, ω − 2) given by
then T (C) has weights (ω + 1, ω + 1) and is given by
The resulting chiral multiplet T (C) has weights (ω + 1, ω + 1). The operation T acting on a chiral multiplet X = (φ, P L χ, F ) vanishes, i.e. T (X) = 0, while its action on an anti-chiral multipletX = φ , P R χ,F of weights (1, −1) is defined as
For more information, the reader is referred to Appendix A.1. In rigid supersymmetry, this corresponds to the usual chiral (and anti-chiral) projection operatorsD 2 (and D 2 ). For simplicity, we assume a constant gauge kinetic function. The kinetic terms for the gauge multiplet are given by
The extension to a non-trivial gauge kinetic function is given in [9] .
Note that this already contains the Hermitian conjugate.
6 Note that in this notation the field strength superfield Wα is given by W 2 =λPLλ, and (V )D corresponds to D α Wα. 7 Note that the definitions of [ ]F and [ ]D below do not involve the spacetime integral d 4 x, which appears in the corresponding expressions in [11] .
Here ψ is the gravitino, and R(ω) and R ′ ρσ (Q) are the graviton and gravitino curvatures. The Lagrangian contains a term
After the auxiliary field D is integrated out with the contribution from the kinetic term D 2 /2 taken into account, the scalar potential contains a term proportional to ξ 2 ,
In the absence of additional matter fields, one can use the Poincaré gauge s 0 =s 0 = 1, resulting in a constant D-term contribution to the scalar potential. However, when matter fields are included, the Einstein frame gauge gives s 0 =s 0 = e K/6 fixing the conformal symmetry, leading to a field dependent FI contribution to the scalar potential:
The implications of such a term to inflation have been studied in [13, 9] . In the presence of matter fields the FI term (1) is not invariant under Kähler transformations. The purpose of this paper is to construct a term, similar to eq. (1), invariant under Kähler transformations. As a consequence, the contribution to the scalar potential will no longer depend on e 2K/3 as in eq. (14).
Kahler invariant generalization of the new FI term
In this section we find a generalization of the new FI term in eq. (1) that is invariant under Kähler transformations in the presence of matter multiplets. For simplicitly, we denote generically the chiral multiplets by X. The standard N = 1 supergravity Lagrangian is given by
for a Kähler potential K(X,X) and a superpotential W (X). A Kähler transformation with parameter J(X) is given by
It is clear that L X in eq. (15) is invariant under Kähler transformations. However, the new FI term proposed in [8] and given in eq. (1) is not. In [8] it is suggested that a Kähler invariant generalization can be found by making the FI constant field dependent, i.e. ξ = ξ(X,X). However,T (w 2 ) is not Kähler covariant since the conformal compensator S 0 transforms under Kähler transformations. Thus, under a Kähler transformation, w 2 transforms as w 2 → w 2 e −2J/3 whileT (w 2 e −2J/3 ) = T (w 2 )e −2J/3 . Instead, in this paper we keep ξ constant, and modify the new FI term by requiring the compensator fields S 0 andS 0 to appear in the new FI term only through the Kähler invariant combination S 0S0 e −K/3 . First, recall that the operators T andT should act on multiplets with weights (ω, ω −2) and (ω, 2 − ω) respectively. We therefore want to replacew 2 with a multiplet proportional to λP Rλ with weights (ω, ω − 2). Since λP Rλ is Kähler invariant and has weights (3, −3), we should multiply it with the Kähler invariant combination S 0S0 e −K/3 of weights (2, 0) to obtain a multiplet of weights (ω, ω − 2). Indeed
has weights (2m + 3, −3). Thus, (2m + 3, −3) = (ω, ω − 2) can be solved for ω = −1 and m = −2, and one can define a Kähler invariant combinationw ′2 with weights (−1, −3),
The resulting T (w ′2 ) has weights (0, 0). Similarly, one can constructT (w ′2 ) with weights (0, 0), where
By the same arguments, the new FI contribution to the Lagrangian has the form
The operation [ ] D is defined only on a multiplet with weights (2, 0), from which it follows that k = −3.
We conclude that the new FI term is given by
with w ′2 andw ′2 defined in eqs. (18) 
A constant FI contribution to the scalar potential
In this section we calculate the (purely) bosonic contributions to the D-term scalar potential of the Lagrangian
with the matter contributions L X given by eq. (15), the gauge kinetic terms L kin given by eq. (9), and the new FI term L FI,new defined in eq. (21). For compactness, we put the fermions to zero, and postpone the treatment of the fermion couplings to Appendix B. The purely bosonic contributions toλP L λ arē
while the purely bosonic contributions to w ′2 are given by 8
The bosonic contributions to the anti-chiral projectionT (w ′2 ) arē
Here the chiral multiplet X is defined as X = (φ, P L χ, F ) and
Next, we notice that the real multiplet
is a function of chiral multiplets Z α = X, S 0 ,λP L λ, T (w ′2 ) and their anti-chiral counterpartsZᾱ. Its components are
where R α = ∂R ∂Z α and all fields are replaced by their lowest components. Note also that obviously fermionic contributions are ignored in eq. (27). As a result, the components of R only with bosonic fields are given by R = 0, 0, 0, 0, 0, 2s 0s0 e −K/3 .
It follows that the contribution to the new FI term Lagrangian eq. (21) is given by
In the Eintein frame gauge s 0 =s 0 = e K/6 , this becomes a constant FI term
We therefore conclude that the Lagrangian of the U(1) gauge field sector is
which results in a constant FI contribution to the scalar potential. Note that this FI contribution is consistent with a gauged R-symmetry, and can therefore be in principle added on top to the usual FI term, resulting in two constant contributions to the D-term contribution to the scalar potential.
A few remarks are in order:
8 Note that w ′2 has seven components since w ′2 is neither real nor chiral. As forw ′2 , its third component vanishes and instead the fourth one becomes the complex conjugate of the third one of w ′2 .
• Firstly, notice that one could also obtain a constant FI contribution to the D-term by making the substitution S 0 → S 0 e −K/6 andS 0 →S 0 e −K/6 in eq. (1), giving
with
The resulting Lagrangian indeed contains the term ξS 0S0 e −K/3 D which results in a constant FI term in the Einstein frame gauge. However, this term is not invariant under Kähler transformations eqs (16) since T (w 2 c ) does not transform covariantly, and we therefore do not analyse this term further.
• Secondly, note that in the absence of matter fields (and therefore K(X,X) = 0), w 2 defined in eq. (3) and w ′2 defined in eq. (19) are related by
By using the property of the anti-chiral projection operators that for an anti-chiral fieldZ and a multiplet C,T
we find thatT
and similarly
As a result, in the absence of matter fields, our proposed FI term in eq. (20) is identical to the one proposed in [8] and given in eq. (1). 9 
Conclusions
In summary, in this work, we proposed a supersymmetrisation of the cosmological constant in N = 1 supergravity, arising from a constant FI term associated to an abelian gauge symmetry as in global supersymmetry. In contrast to the standard FI term which requires the gauging of R-symmetry, it can be written for any U (1). It is obtained by a variation of a new FI term proposed recently in a way that is invariant under Kähler transformations, leading to just a constant FI term up to fermion contributions that disappear in the unitary gauge in the absence of any F-term supersymmetry breaking. Since a generalisation of such 'new' FI terms is not unique and may in general involve new field dependent functions, an interesting question is whether they can arise in the effective supergravity of string compactifications and what is their form. An obvious application of the proposed term is that it uplifts the vacuum energy with a positive contribution, allowing to realise 'realistic' models of moduli stabilisation and inflation based on the KKLT mechanism [14] without the need of introducing anti-D3 banes, using a U (1) factor of D3-branes gauge groups whose gauge coupling is fixed by the ten-dimensional dilaton.
A Useful formulas A.1 The chiral projection and complex multiplets
This Appendix is based on [11] . The operation T acts on a complex multiplet C with weights (Weyl, Chiral) = (ω, ω − 2), producing a chiral multiplet with the first component − 1 2 K. In particular if C is a general (complex) multiplet given by
then T (C) has weights (ω + 1, ω + 1) and is given in eq. (7), repeated here for convenience 10
The anti-chiral projectorT (C) acts on a multiplet of weights (ω, 2 − ω) and results in an anti-chiral multiplet of weights (ω + 1, −ω − 1) with lowest component − 1 2 H. The restriction of C = C is real produces a real multiplet. This also implies that the Chiral weight c = 0. Moreover, Z = η and Λ = λ are Majorana (P R Z) C = P L Z, and K =H, while B µ = B µ and D = D are real,
For a real multiplet, we usually abbreviateH. The chiral projector T can only act on a real multiplet of weights (2, 0) . A chiral multiplet is obtained by the restrictions
and is given by
Similarly an antichiral multiplet is given bȳ
However, the chiral multiplet in eq. (42) is usually denoted as X = (X, P L χ, F ), while the anti-chiral multipletX = (X, P R χ,F ). A chiral multiplet has equal chiral and Weyl weights c = ω, and an anti-chiral multiplet has c = −ω. As a result, T can only act on an anti-chiral multiplet of weights (1, −1) and is given by
10 The three-component notation of chiral/anti-chiral multiplets will be defined shortly.
A.2 Covariant derivatives
The definitions of / Dλ and the covariant field strengthF ab can be found in eq. (17.1) of [1] , which reduce for an abelian gauge field tô
Here, e µ a is the vierbein, with frame indices a, b and coordinate indices µ, ν. The fields w ab µ , b µ , and A µ are the gauge fields corresponding to Lorentz transformations, dilatations, and T R symmetry of the conformal algebra respectively, while ψ µ is the gravitino. The covariant derivatives of other fields can be found in eq. (4.6) of [11] .
A.3 Multiplication laws
Given a set of (complex) multiplets C i , one can construct a new multipletC = f (C i ) with components
For the multiplication laws involving real and (anti-)chiral multiplets, see section 5 of [11] . The bar on spinors are always the Majorana conjugate,χ = χ TĈ , whereĈ is the charge conjugation matrix satisfyingĈγ µĈ −1 = −γ T µ . We use this conjugate even if the spinor is not Majorana. This is the convention in [11] .
A.4 Components
For convenience, we here summarise the multiplets in the seven-component notation. The multiplet R is made up of the following multiplets
and their charge conjugates. The chiral multiplet w ′2 is defined by eq. (3).
B Fermion couplings
This appendix presents the fermionic terms in the new FI contribution (21) up to the quadratic order in fermions. Concerning the fermion couplings, the contribution to the Lagrangian from (21) is given by [1]
which is obtained by applying eq. (11) to the definition
and (V ) D given by eq. (2). We therefore need the B µ , λ, and D components of R. Since we are interested in terms with two fermions in the new FI contribution, we need terms with up to two fermions for (R B ), (R) D , and terms with one fermion for (R) λ . It therefore turns out that we need terms with up to two fermions for the lowest component of T (w ′2 ), terms with one fermion for the fermionic (i.e. second) component of T (w ′2 ), and terms with no fermions for the F -component of T (w ′2 ). Let us denote these component fields by
Their explicit forms are given by
where the subscript 2f indicates the two-fermion parts of the relevant term, and the same definition applies to the subscripts 0f, 1f. We also introduced the following symbols for compactness of the formulae,
Note that ∆ = 1 under the Einstein frame gauge s 0 =s 0 = e −K/6 . The symbol X 2f is minus the two-fermion part of the lowest component of T (w ′2 ),
Combining these results, we find that the components of R we need are given by
where we only kept two-fermion contributions in (R) Bµ , (R) D and one-fermion contributions in (R) λ . Note also that (D 2 − ) 0f = D 2 − F − ·F − .
